Potassium niobate (KNbO 3 ) was prepared using a solvothermal method. The synthesis was conducted using niobium oxide (Nb 2 O 5 ) and potassium hydroxide (KOH) as starting materials and ethanol as the reaction medium. X-ray diffraction (XRD) confirmed the presence of perovskite KNbO 3 particles and indicated that the lattice of the KNbO 3 was orthorhombic. The morphology of the KNbO 3 was investigated using scanning electron microscopy (SEM), transmission electron microscopy (TEM), and scanning transmission electron microscopy (STEM). Energy-dispersive X-ray (EDX) spectrometry was conducted with TEM/STEM, which clearly revealed that the KNbO 3 particles were nanosized and possessed a cubic shape with sharp-edged corners. The STEM-EDX observations indicated that all three elements of potassium (K), niobium (Nb), and oxygen (O) were distributed homogeneously across the nanocubes. Only K, Nb, and O were detected in the EDX spectrum of the KNbO 3 powders obtained. Thus, KNbO 3 nanocubes were successfully prepared using a solvothermal method at low temperature.
Introduction
Potassium niobate (KNbO 3 ), which has a perovskite structure, is a widely used ferroelectric material. The KNbO 3 particles can form four types of crystal phases: rhombohedral, orthorhombic, tetragonal, and cubic. In addition, KNbO 3 has a high Curie point of 435°C. 1) , 2) In general, KNbO 3 powders are synthesized via solid-state reactions at high temperatures. 3) Recently, preparation of KNbO 3 through liquid reactions, such as hydrothermal synthesis and glycothermal synthesis, has been reported. 4) 7) In 2007, three types of KNbO 3 powders with orthorhombic, tetragonal, and cubic symmetries were synthesized by Kumada et al. using a hydrothermal reaction, by adjusting the reaction temperature and the potassium hydroxide (KOH)/niobium oxide (Nb 2 O 5 ) ratio. 4) In 2008, Paula et al. reported the synthesis of single-crystalline KNbO 3 particles through the reaction of Nb 2 O 5 and KOH via a microwave-assisted hydrothermal method. 5) In 2011, Kaseda et al. demonstrated that fine particles of KNbO 3 could be synthesized on a time scale of seconds in supercritical water using a flow reactor. 6) Liquid reaction processes have the advantage of allowing control of morphology. In particular, nanocubes have attracted considerable attention due to their potential use in the creation of highly electric materials. Several papers on nanocube preparation with perovskite oxides have been reported. Recently, barium titanate (BaTiO 3 ) and/or strontium titanate (SrTiO 3 ) nanocubes were prepared using liquid reactions. 8)12) Furthermore, the accumulation of BaTiO 3 and SrTiO 3 nanocubes was reported with the aim of obtaining enhanced electroceramics. 8) To achieve the accumulation, it is necessary to prepare the perovskite oxide nanocubes with narrow size distributions and sharp-edged corners. However, it is well known that homogeneous preparation of perovskite oxide nanocubes, especially with regard to the distribution of the nanocubes without a dispersion medium, is difficult. This is due to the agglomeration of nanoparticles when a dispersion medium is not used for the reaction. Our previous studies on nanocube preparation using substances with a perovskite structure have been accomplished without a dispersion medium.
13)15) For example, SrTiO 3 nanocubes with an average length of ³20 nm have been prepared. 13) The dispersed SrTiO 3 nanocubes were prepared using a solvothermal reaction conducted at 260°C for 18 h. The SrTiO 3 was synthesized from a mixture that included titanium tetraisopropoxide {[(CH 3 ) 2 CHO] 4 Ti} and titanium dioxide (TiO 2 ) as titanium sources. The [(CH 3 ) 2 CHO] 4 Ti and TiO 2 contributed to rapid nucleation and crystal growth, respectively. In addition, a previous paper indicated that smallscale barium zirconate (BaZrO 3 ) cubes could be obtained via a composite-hydroxide-mediated (CHM) approach at low temperatures using zirconium dioxide (ZrO 2 ) and barium hydroxide [Ba(OH) 2 ] as starting materials and a mixture of anhydrous hydroxides with sodium hydroxide (NaOH) and KOH as the reaction medium.
14), 15) In 2013, we reported the synthesis of strontium zirconate (SrZrO 3 ) nanocubes by the CHM approach. 16) The present report describes the fabrication of KNbO 3 nanocubes by a solvothermal method at low temperature using Nb 2 O 5 and KOH as starting materials and ethanol as the reaction medium. The synthetic conditions for preparing the KNbO 3 nanocubes and the structural and morphological characteristics of the products are also discussed. In particular, the effect of KOH concentration on the products and product morphologies was examined. The results indicate that orthorhombic perovskite KNbO 3 nanocubes were synthesized successfully.
Experimental procedure 2.1 Synthesis of KNbO 3 nanocubes
KNbO 3 was prepared using a solvothermal method (Fig. 1) . 40 mL ethanol (C 2 H 5 OH, Kanto Chemical Co., Inc.) was used as the solvent, while 0.251 mmol Nb 2 O 5 (Rare Metallic Co., Ltd.) and 2160 mmol KOH (Kanto Chemical Co., Inc.) were used as raw materials. The compounds were placed into the Teflon reactor of a stainless-steel autoclave with 100 cm 3 of internal volume. This process was performed in a glove box filled with dry nitrogen gas because KOH is extremely sensitive to CO 2 and moisture. The dryer was heated to 100230°C in advance. Thereafter, the autoclave was sealed and kept at 100230°C for 318 h. After the reaction, the autoclave was cooled to room temperature. The product was then collected by a centrifugal separator at 1000011000 rpm. Ethanol was used to rinse the centrifugal separator three times. Afterwards, the product was dried overnight in a dryer at 80°C.
Characterization
The crystallinity and phase purity of the prepared samples were analyzed by X-ray diffraction (XRD) using an UltimaIV (Rigaku Co., Japan) diffractometer with Cu K¡ radiation (wavelength: 0.15418 nm) operating at 40 kV30 mA in the 2ª range of 10 80°C at room temperature. The morphology of the particles was examined by scanning electron microscopy (SEM; Model S-4500; Hitachi, Japan) operating at 15 kV. To prepare the samples for observation, the powders were dispersed in ethanol in an ultrasonic bath at a frequency of 45 kHz for 10 min. A drop of the obtained colloid solution was transferred to a silicon substrate and left under ambient conditions until the ethanol evaporated. The obtained powders were observed by transmission electron microscopy and scanning transmission electron microscopy using an instrument (TEM/STEM; Tecnai Osiris, FEI Co.) operating at 200 kV and equipped with an energy-dispersive X-ray (EDX) spectrometer. The EDX mapping was performed with the K-K¡ line, Nb-K¡ line, and O-K¡ line. To prepare samples for observation by TEM/STEM, the powders were dispersed in ethanol in an ultrasonic bath at a frequency of 45 kHz for 10 min. A drop of the obtained colloid solution was transferred to a Cu microgrid with a holey carbon film and left under ambient conditions until the ethanol evaporated.
Results and discussion
Solvothermal methods are appropriate for the preparation of crystallized particles with morphology control. In addition, reactant concentration, reactant solubility, reaction temperature, reaction time, solvent choice, and pressure can be adjusted for liquid reaction processes. In this study, the effects of reaction temperature, reaction time, and Nb 2 O 5 and KOH concentrations on KNbO 3 particle preparation were investigated.
First, the solvothermal reaction was performed under various reaction temperatures for 18 h using 1 mmol Nb 2 O 5 and 80 mmol KOH (K/Nb atomic ratio of 40:1) as raw materials. Figure 2 shows the XRD patterns of the samples obtained via the solvothermal method using the above reaction conditions. KNbO 3 were formed at 100°C [ Fig. 2(a) ]. However, a single phase of KNbO 3 was not formed and XRD peaks of an unknown phase were observed. Accordingly, we conducted the reaction at increasing temperatures. The XRD peaks of the unknown phase decreased as the reaction temperature increased [Figs. 2(b) Fig. 1 . Flow chart of the preparation of KNbO 3 using a solvothermal method. and 2(c)]. As shown in Fig. 2(d) , a single phase of KNbO 3 was formed at 230°C and KNbO 3 diffraction peaks could be assigned to the orthorhombic phase (JCPDS file 32-0822). The SEM images of the products obtained by the solvothermal reaction at various reaction temperatures conducted at 100230°C for 18 h are shown in Fig. 3 . Fine particles were produced at 100°C [ Fig. 3(a) ] and the particle size increased at 150°C [ Fig. 3(b) ]. Second, the solvothermal reaction was performed with 80 mmol KOH and various amounts of Nb 2 O 5 as raw materials at 230°C for 18 h. Figure 4 shows the XRD patterns of the samples obtained via the solvothermal method using the above reaction conditions. All samples obtained via the solvothermal reaction Journal of the Ceramic Society of Japan 121 [8] 693-697 2013 using 0.251 mmol Nb 2 O 5 as raw material produced KNbO 3 . KNbO 3 nanocubes were obtained as observed by SEM (Fig. 5) .
Third, the solvothermal reaction was performed for various reaction times at 230°C and the raw materials were 0.25 mmol Nb 2 O 5 and 80 mmol KOH (K/Nb atomic ratio of 160:1). Figure 6 shows the XRD patterns of the samples obtained via the solvothermal method using the above reaction conditions. KNbO 3 was obtained for all samples. In particular, KNbO 3 diffraction peaks clearly indicated the orthorhombic phase at a reaction time of 18 h [ Fig. 6(f ) ]. The SEM images of the products obtained by the solvothermal reaction at various reaction times conducted at 230°C are shown in Fig. 7 . KNbO 3 nanocubes tended to form as the time increased.
Finally, the solvothermal reaction was performed under various KOH concentrations at 230°C for 18 h using 1 mmol Nb 2 O 5 as raw material. Figure 8 shows XRD patterns of the products obtained via the solvothermal method using the above reaction conditions. As shown in Fig. 8(a) , KNbO 3 was obtained as the main product when using 2 mmol KOH (K/Nb atomic ratio of 1:1). The amount of KOH as a raw material was increased for the synthesis performed at 230°C for 18 h. A second phase that formed tended to decrease with increasing KOH concentration. Thus, a single phase of KNbO 3 with the perovskite structure was obtained as shown in Figs. 8(d)8(f ). All KNbO 3 diffraction peaks could be assigned to the orthorhombic phase (JCPDS file 32-0822). The XRD patterns indicated that a single phase of KNbO 3 tended to form as KOH addition increased. The ethanol solvent enabled the Nb 2 O 5 to dissolve and react with K + as KOH addition increased. As a result, a single phase of KNbO 3 formed in the regions containing a large amount of KOH. Incidentally, K + which was not reacted with Nb 5+ was dissolved in the solvent. The SEM images of products obtained by the solvothermal method at various KOH concentrations conducted at 230°C for 18 h are shown in Fig. 9 . With the addition of 2 mmol KOH (K/Nb atomic ratio of 1:1), particles of various shapes, massive and cube-like, were observed [ Fig. 9(a) ]. Under these conditions, no nanocubes were found, although microstructure powders were observed. The large particles disappeared with addition of 10 mmol KOH (K/Nb atomic ratio of 5:1) [ Fig. 9(b) ]. The synthesis using 20 mmol KOH (K/Nb atomic ratio of 10:1) resulted in particles that tended toward cubic [ Fig. 9(c) ]. KNbO 3 nanocubes were observed in SEM images of particles obtained upon addition of 40 mmol KOH (K/Nb atomic ratio of 20:1)
[ Fig. 9(d) ]. After addition of 80 mmol and 160 mmol KOH (K/Nb atomic ratios of 40:1 and 80:1, respectively), the particles were clearly cube on a nanoscale with sharp-edged KNbO 3 corners [Figs. 9(e) and 9(f )]. Detailed observations of the powders were obtained using TEM and STEM. The bright-field TEM image and its selected area electron diffraction upon 160 mmol KOH addition (K/Nb atomic ratio of 80:1) are shown in Fig. 10 . The KNbO 3 nanocubes observed with TEM had sharp-edged corners [ Fig. 10(a) ]. The KNbO 3 nanocube obtained was clearly a single crystal as indicated by the selected area electron diffraction [ Fig. 10(b) ]. STEM-EDX was used to investigate the nanoscale elemental composition and spatial uniformity of the element distribution in the particles. Figure 11 shows high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images, two-dimensional (2D) elemental mapping of K, Nb, and O, and the EDX spectrum of the obtained powder for the KOH addition of 160 mmol (K/Nb atomic ratio of 80:1). The HAADF-STEM observations clearly showed a KNbO 3 nanocube with sharp-edged corners [ Fig. 11(a) ]. The 2D elemental mapping of K, Nb, and O was performed with STEM-EDX [ Figs. 11(b-1)11(b-3) ], and demonstrated that all three elements were distributed homogeneously across the nanocubes. The EDX spectrum of the powder obtained using 160 mmol KOH addition (K/Nb atomic ratio of 80:1) is shown in Fig. 11(c 
Conclusions
In conclusion, KNbO 3 nanocubes were prepared using a solvothermal method at low temperature using Nb 2 O 5 and KOH as starting materials and ethanol as the reaction medium. The effect of the amount of KOH was also investigated in this study. XRD measurements confirmed the formation of perovskite KNbO 3 particles and indicated that the lattice of the obtained KNbO 3 could be assigned to the orthorhombic phase. Results of the XRD measurements indicated that a single phase of KNbO 3 tended to form as the KOH amount increased. The morphology of the KNbO 3 was investigated using SEM, TEM, and STEM. The SEM and TEM observations revealed that the KNbO 3 particles were nanoscale and clearly possessed a cubic shape with sharp-edged corners. The STEM-EDX observations demonstrated that the K, Nb, and O elements were distributed homogeneously throughout the nanocube. In addition, only K, Nb, and O were detected in the EDX spectrum of the KNbO 3 powders obtained. Thus, KNbO 3 nanocubes were prepared successfully using a solvothermal method at low temperatures. 
